Derakene is a vinyl ester resin largely employed as matrix for polymeric based composite systems. In this work, the performance of such polymeric system was evaluated considering the effect of hygrothermal aging. The mechanical and thermal properties were examined for the processed material before and after ageing in water at 60 °C for a maximum period of 64 days. Both analyses indicated the occurrence of post cure of the system after 16 days due to exposition at 60 °C in water, which was also confirmed by analyses in samples with post cure treatment. Moreover, it was observed plasticizing of resin after 36 and 64 days of ageing. Micro structural and fracture surface analyses were carried out in order to characterize the samples. The appearance of surface voids was also observed.
Introduction
Polymer based composites have been increasingly used in recent years as an advantageous option to conventional materials mainly metallic ones. Some of the benefits are the excellent corrosion and fatigue resistance associated with a high specific strength. Such characteristics fulfill the more and more severe materials requirements in several industrial sectors such as building and construction, oil and gas, naval, aerospatiale, among others that are gradually introducing composite materials into their main products and processes.
The environment to which the composites are exposed, however, can drastically limit their performance. For instance, the presence of humidity is pointed out as one of the main causes of polymeric composites failure since organic matrices can be largely affected by the presence of water 1, 2 . In tropical environments, relative humidity close to 90% can be found and can drastically compromise composite performance. Therefore, the knowledge of the organic matrix limitations and ageing mechanisms in the presence of water is critical in order to guarantee successful composite application, since water diffusion is well known to be a limiting factor in the use of fiber reinforced polymer composites 2 . When selecting a polymeric resin for use in a structural composite several factors must be considered, namely, strength, stiffness, toughness and durability. In the stage of selection, information regarding environment, service temperature, manufacture method, cure conditions and properties required are also important.
The most commonly employed thermoset resin for matrixes in structural composites is epoxy, which is normally the best technical choice even though at higher costs 3 . Polyester resins, on the other hand, although low cost materials, have several drawbacks for environment aggressive applications. They are known for their weak chemical resistance, mainly to hydrolysis, while epoxy resins present processing difficulties due to their high viscosity, long cure cycles and toxicity of some curing agents (hardeners) 3 . Vinyl ester resins are the addition product of an epoxy resin and an unsaturated carboxyl acid with a molecular structure quite similar to that of the polyester resin. The main difference lays on the location of its reactive groups which are only in the end chain ( Figure 1 ). These materials were developed in an attempt to combine the mechanical and thermal properties of epoxy resins with the rapid cure of unsaturated polyesters. Additionally, its cost is also an advantage since is 2 to 3 times cheaper than epoxies. For all these reasons they are suitable for using as matrix of polymeric composites 3 . The effect of water absorption on resins used as matrixes for composite applications, including the vinyl ester, has been studied by several authors 2, 4, 5 . All of them have observed damaging effects and the nature of damage itself, whose degree and intensity depend on the type of resin, temperature, type and amount of initiator, post-cure treatment, among others, what turns the evaluation very complex, since processing and environment plays a crucial role on how resistant the polymeric material will be.
Studies have shown that weight loss during to exposure to water is affected by type and amount of initiator, the post-curing treatment, relative humidity and temperature 2, [4] [5] [6] . Post-curing treatment reduces weight loss significantly while higher temperatures and relative humidity increases the weight loss rate. Exposure to water also changes glass transition temperature and may lead to extraction of short chain molecules, affecting flexural modulus 4, 6 . Other phenomena such as swelling and leaching of non-bounded substances have been also observed 5, 6 . Most published data on cast resins studied ageing mechanisms without correlating degradation to mechanical properties. Few works on water absorption of vinyl ester resins presented the effect of the hygrothermal ageing on the mechanical properties of the neat resin 4, 6, 7 Materials Research and on the fracture surface 8 . Additionally, fracture surface appearance of epoxy systems has been studied [9] [10] [11] and has been correlated to the failure mechanisms 10 , although no similar studies have been found for vinyl-ester systems.
The objective of the present work is to study the effect of the exposition of a vinyl ester system, without post cure treatment, to distilled water at 60 °C on its mechanical properties (tensile strength, fracture strain, Young modulus and fracture toughness) and fracture mechanisms. Calorimetric and surface morphology analyses were also done to help to understand the mechanical behavior of the resin system prior and after ageing. Additionally, fractographic analysis of the fracture surfaces was carried out in order to understand the failure mechanisms and how they are affected by hygrothermal ageing.
Experimental

Materials
The material studied was an epoxy vinyl ester resin (Derakane 
Sample preparation
The polymer was prepared by first mixing the resin and the accelerator (0.3 wt. (%)), followed by the addition of the initiator (1.5 wt. (%)). The mixture was stirred for at least 1 minute and cast into silicone rubber moulds. The specimens dimensions followed the ASTMD 638 standard.
In order to verify the effect of hygrothermal aging on the post cure of samples, two cure schedules were carried out. In the samples that would be aged, the cure time was 15 days at room temperature. The other specimens were cured during 24 hours at room temperature followed by a post cure treatment according to the Dow Chemical Co. specification (2 hours at 120 °C).
The specimens were removed from the moulds and their surfaces and edges were ground for minimizing surface defects and for guaranteeing specimens with flat and parallel sides. The nominal dimensions of the specimens used are shown in Figure 2. 
Hygrothermal ageing and water content determination
The specimens were subjected to hygrothermal ageing by immersion in distilled water at 60 °C for different periods of time (16, 36 and 64 days). Weight changes were monitored by repeated weighting of the samples using an Ohaus analytical balance with 0.0001g resolution. From the obtained values the percent weight change was calculated. These aged samples were subjected to tensile tests to evaluate the influence of the hygrothermal conditions on the tensile properties. Optical microscopy was used to investigate surface modification after hygrothermal ageing.
The water content was measured in replicates of six. The percent weight change during immersion was calculated using the following equation:
where wt. (%) is the percent weight change at time t, w(t) is the weight of the specimen test at time t, and w(0) is the dry polymer weight.
Mechanical analysis
Tensile tests of the samples were made at room temperature using an Instron mechanical testing machine, model TTDML, with a load cell of 2.5 kN, extensometer model G-51-12-A, and loading rate of 0.5 mm/min. The extensometer was located at the center of specimens with gage length of 25.4 mm.
The tensile strength, elasticity modulus, strain at fracture and fracture toughness values were obtained. Fracture toughness was measured from the area under the curve stress-strain of the tensile tests.
Fractography
The fracture surfaces of mechanically tested specimens were analyzed using a stereo microscope Stemi, model SV6 KL 1500.
Differential thermal analysis
Differential Scanning Calorimeter (DSC) thermograms were obtained using a Perkin-Elmer DSC-7 apparatus. Two scans were made at 40 to 200 °C with heating rate of 10 °C/min, followed by a fast cooling (200 to 40 °C) and reheating at the same rate. All tests were conducted in nitrogen atmosphere at 10cc/min. The experimental curve shows a Fickian behavior up to approximately 51 days of immersion in water (corresponding to 7.1 days 1/2 in Figure 3 ), where the fitted and experimental saturation values were close to 0.79 and 0.80%, respectively (stage 1). The experimental values showed then a slight deviation from the Fickian fitting curve (stage 2), followed by a drop in weight (stage 3). At this point, the desorption process overcomes sorption.
Results and Discussion
Hygrothermal ageing
This behavior indicates the occurrence of 2 kinetically distinct phenomena: water molecules sorption that leads to the increase in sample weight that ends at a short period, followed by a weight decrease, probably associated to desorption of low molecular weight groups. This weight loss phenomenon was also observed for other different polymeric systems and reported by several authors 2, [4] [5] [6] [7] [8] [9] [10] [11] [12] . In the work of Fraga et al. 4 , weight loss was not observed in the curve of weight change, but the presence of voids detected after immersion and an analysis by FTIR pointed out the extraction of low molecular weight molecules. According to Abeyshinghe et al. 5 , the weight loss mechanism can be accounted to diffusion of residual volatile, chemical scission of the ester groups mainly for polyester resins, or hydrolysis and diffusion of residues induced by cracks and leaching. The observation of cracks and leaching in the present work will be discussed later on.
From the solution of Fick's second law, the diffusion coefficient was calculated using the equation:
where M t is the fluid quantity that has diffused in a time t; M∝ is the value of fluid sorved in the beginning of saturation, ℓ is the sample's thickness and D is the diffusion coefficient 13, 14 . A diffusion coefficient value of 7.04 × 10 -8 cm 2 /s was obtained considering: ℓ = 6 mm. The values of M∞ (0.80% for t = 44 days) and M t (0.332% for t = 2 days) were obtained from the water absorption curve at 60 °C.
It is known that the diffusion coefficient can be calculated from the solution of Fick's second law of diffusion 2, 4 . Fick's law is applied only when there is no chemical interaction between the absorbed water and materials, for materials without weight loss. Nonetheless, this procedure has been employed despite the observance of chemical interactions, assuming that at initial stages of immersion such reactions are not significant. The results are quite dispersive though. Although the weight variation curve has a Fickian profile, there is no way of determining exactly when chemical interaction takes place. Both phenomena, absorption of water and leaching of degraded material, may occur simultaneously. The gain of weight means that absorption is the dominant process.
Lee et al. 2 reported also that the difficulty encountered in obtaining data from samples exposed to 100% r.h. resulted from the tendency of water to cluster in some resins and from cracking in other resins. According to the authors, some polyester and vinyl ester resins show a weight loss after reaching a maximum, especially at 65 °C, and the values M∞ taken as the maximum in the weight gain curves in some cases are not the true ones. Lee et al. 2 described that the true diffusion parameter D cannot be obtained for a polymer which shows a significant weight loss, since this value depends upon M∞.
In previous studies with vinyl ester resin Fraga et al. 4 Figure 4 shows the resin surfaces after 0, 16, 36 and 64 days of hygrothermal ageing. Some voids are indicated by arrows in the figure. As can be observed, previously to the hygrothermal ageing the surface was clear and smooth.
The work of Abeysinghe et al.
5
, Fraga et al. 4 and Apicella et al. 6 also reported similar changes in the aspect of several types of resins after water absorption. They observed the development of voids on the surface and inside the polymer with simultaneous loosing of resin in the process. Apicella et al. 6 observed in isophthalic polyester resins the appearance of a large number of cracks randomly distributed in the bulk resin after 5 days of immersion in distilled water at 90 °C. The same phenomenon, although less evident, was also observed in bisphenol-B resin after 15 days of exposition, under same conditions of isophthalic resin. Abeysinghe et al. 5 observed in isophthalic resin, after immersion in distilled water at 65 °C, the appearance of "disc cracks" and a white substance. The authors reported that sometimes the cracks were formed first within the bulk of the sample and in other cases they were observed first on the surfaces.
Mechanical tests
In order to understand how the mechanical properties are affected by the occurrence of weight loss and surface voids, tensile mechanical tests were carried out prior and after hygrothermal ageing. Figure 5 shows the stress-strain curve for the resin before and after ageing for 16, 36 and 64 days.
Before ageing, a ductile behavior with elongation at failure close to 8% was observed. After 16 days of ageing this behavior was severely modified and a typical brittle behavior was observed, with large increase in mean fracture stress, an abrupt increase in elasticity modulus, as well as a significant drop in the mean strain at fracture and toughness values. It is likely that post cure of the system took place after the immersion of the sample in water at 60 °C. Although in the present work the curing time of the resin was 15 days at room temperature, the low mobility of chains due to the very high viscosity could prevent complete curing reaction. When samples were immersed in water at elevated temperatures, the system probably regained mobility and the unreacted monomers were allowed to finish the curing process due to the relatively high temperature of water. The result was a drastic change observed in the mechanical characteristics. According to the literature 6, 12 this embrittlement of resins dissolved in a polymerizable monomer such as styrene, which is the case of the vinyl ester considered herein, may be due to a post-cure effect caused by residual styrene monomers reaction and/or loss of low molecular weight segments present in the polymeric system.
The results of tensile test and thermal analysis of the samples submitted to the post cure treatment (2 hours at 120 °C) confirmed the occurrence of post cure in the samples aged in water during 16 days at 60 °C. The mechanical and thermal behavior of both sample sets was rather similar. Figure 6 shows the stress-strain curves for these samples. It can be observed that the post cure of all samples, regardless of the way they were conducted (16 days of ageing or post cure treatment), promoted the same changes on the mechanical properties: increase in the tensile strength, a large drop in the strain at fracture and an abrupt increase of the elasticity modulus.
After 36 days of ageing the brittle characteristics remained, although the existence of a slight increase in strain and toughness values and a decrease of elasticity modulus. After 64 days of ageing, both strain and toughness values increased with relation to the samples treated for periods of 16 and 36 days. This behavior is shown by the graphs of Figure 7 where the mechanical properties are plotted against hygrothermal ageing times.
Initially, it was observed an increase in the tensile strength value, which changed from 47.67 to 53.93 MPa after 16 days of immersion. Subsequently, a linear decrease of this mechanical property took place, changing from 53.93 to 46.18 MPa and 38.74 MPa after 36 and 64 immersion days, respectively. The mean strain at fracture value presented an abrupt drop after 16 immersion days, changing from 8.03% (unaged -0 immersion days) to 0.19%, indicating the embrittlement of the resin system. After 36 and 64 days the ductility presented a gradual increase, changing to 1.38 and to 1.65%, respectively. However, the resin system remained brittle. The elasticity modulus value also increased abruptly after 16 days of immersion, changing from 2.42 to 32.59 GPa. Subsequently, it had a sharp drop to 2.81 GPa, after 36 days, and to 2.37 GPa after 64 days. As the strain, the fracture toughness value presented, initially, an abrupt drop after 16 days of immersion, changing from 2.37 to 0.035 J. After that, it presented a gradual increase, changing to 0.34 and to 1.07 J, after 36 and 64 days, respectively.
Differential thermal analysis
In order to verify the occurrence of post-cure reaction during hygrothermal ageing, thermal analyses were carried out for all samples.
Two heating scans were performed in all samples. The purpose of the first scan was to allow the observation of any type of thermal process during heating in the DSC. In the second scan, it was possible to obtain the glass transition temperature (T g ). The T g is an important parameter since it establishes the service temperature. Usually, when the material is exposed to a hygrothermal environment the T g decreases and, therefore, the service temperature of the material changes. Additionally, a post-cure reaction is associated to an increase in T g . Figure 8 shows the DSC thermograms for all samples. In the unaged samples the first scan presents a characteristic feature of exothermic reaction, indicating a possible cross-link due to incomplete cure of the system. Exothermic peaks are related to the cure process, i.e., the energy involved in the cross-linking reaction of resin reactive groups 17 . According to the literature 18, 19 , a post cure treatment is necessary for producing stable polymeric systems and for avoiding any residual exothermic reactions.
This thermal behavior corroborates the findings on the mechanical analysis, showing that indeed without an adequate cure treatment the polymer is chemically unstable due to the presence of residual reactive sites, which reflects in the ductile behavior observed in Figure 5 . In the second scan, after a complete cure of the polymeric system in DSC, it was possible to obtain the T g of the sample, which was 117.20 °C.
After 16 days of ageing, it was observed the complete cure of the system, reached due to the favorable condition of chain mobility (ageing at 60 °C). In this case, the T g was 118.54 °C. The same behavior was observed in the sample submitted to the post cure treatment, i.e., absence of exothermal peak and similar T g values (117.97 °C). The cross-links lead to a more rigid system, where the chains are tightly connected. Mechanically, this reflects in the brittle behavior observed in both sample sets. After 36 and 64 days of hygrothermal ageing both thermograms indicate the presence of endothermic reactions that could be related to resin plasticization by water sorption and crosslink breaking. At this point, the water had penetrated into the resin and a plasticizer effect is observed. This process was associated to a gradual drop in T g values, which changed from 118.54 °C (in the sample with complete cure after 16 days) to 110.77 and to 107.65 °C after 36 and 64 immersion days, respectively. The physical interaction of moisture with vinyl ester resin promotes a subsequent reduction of T g , through resin plasticizing 20 . This modification in T g reflects in the mechanical properties as can be observed in Figures 5 and 7 , where after 16 days a drop in the Young modulus and an increase in ductility were observed, as discussed previously.
It must be emphasized that the effect of hygrothermal ageing and post-cure are expected to be simultaneous and competitive. This is indeed shown in micrographs in Figure 4 , where even after 16 days voids and growth of the white layer that indicates degradation of the resin occurred, though the post-cure process was also taking place.
Fractography
The fracture surface of thermoset polymers is characterized by the presence of three different regions: A) a flat featureless mirror region surrounding the crack initiation point; B) a transition region, where the surface roughness steadily increases and C) a final propagation region with conical marks 21 . According to Lin and Chen 22 this conic shaped pattern is due to the intersection between a moving planar crack front and a radically growing circular craze or secondary crack front. The fracture surface patterns are dependent on the ratio of crack velocity to craze or secondary crack velocity and changes from flat parabolas to ellipses, and finally to an approximate circle when the ratio of crack velocity to craze or secondary crack velocity continually increases.
The overall aspects of the fracture surface morphology of a thermoset polymer are shown in Figure 9a . Of particular relevance for this study is the size of the mirror region, which has been correlated with the toughness of polymers and particulate composites 23, 24 . The smaller the mirror region, the more brittle the material is. As shown in Figure 9 , the mirror zone of the sample with 16 days of ageing (which had post cure confirmed) and with post cure treatment is smaller than the unaged sample or the samples in which plasticization effect was verified.
In the unaged samples, it can be observed the presence of a large crack initiation region that indicates, according to theoretical thermoset polymer crack propagation, that a significant energy value was necessary for crack initiation 23 . This ductile behavior is also shown in the stress-strain curve which presented elongation at failure close to 8%, related to the absence of post cure treatment in the polymeric system. The high value in elongation at failure observed in this sample can be related to smaller cross-linking density (spacing between successive cross-link sites). The properties of a cured epoxy resin depend principally on the cross-link density.
In general, the tensile modulus, glass transition temperature, and thermal stability as well as chemical resistance are improved with increasing cross-link density, but strain-to-failure and fracture toughness are reduced. Factors that control the cross-link density are the chemical structure of the starting liquid resin, functionality of curing agent, and the reaction conditions, such as temperature and time. The brittle behavior observed in the stress-strain curves of the samples with 16 days of hygrothermal ageing and with post cure treatment are characterized by the shattering on fracture surface. Therefore, it was not possible to distinguish the B and C fracture regions. In both cases, this brittle behavior is related to the effect of the post cure which promoted the increase of cross-link density and, consequently, resulted in a more rigid system.
Conclusions
Initially, the absence of a post-cure treatment in the vinyl ester resin system studied herein generated an unstable system. The unaged samples presented ductile behavior with elongation at fracture close to 8%. This ductile behavior was severely modified to brittle after 16 days of hygrothermal ageing at 60 °C due to the increase of crosslink showed by calorimetric analysis. This increase leads to a more rigid system. Mechanically, this reflects in this brittle behavior. The mean strain at fracture value changed from 8.03% (unaged sample) to 0.19% (after 16 days of ageing).
As expected, the samples aged during 16 days in water at 60 °C presented the same properties as the ones submitted to the post cure treatment.
Later on, water acted as plasticizer, decreasing the T g and the elasticity moduli of samples after 36 and 64 days of ageing. The mean elasticity modulus value had a remarkable drop from 32.59 GPa (after 16 days of ageing) to 2.81 GPa (after 36 days) and to 2.37 GPa (after 64 days). As the strain, the mean fracture toughness value presented, initially, an abrupt drop after 16 days of immersion, changing from 2.37 to 0.035 J and subsequently, it gradually increased to 0.34 and to 1.07 J, after 36 and 64 days, respectively.
This transition from ductile to brittle has been also characterized by fracture surfaces of the samples.
